
Beyond the Standard Model

Markus Luty
UC Davis



Big Picture
Three major paradigms for particle physics 

beyond the standard model

• Supersymmetry

• Strong dynamics, extra dimensions

• Multiverse

“Logos”
From the Greek: reason, word

“Stratus”
From the Latin: a cover or spread; low-lying clouds

“Chaos”
From the Greek: formlessness, confusion



Outline

1. Motivation for new physics at the TeV scale

2. Strong Higgs sector

4. Extra dimensions

5. Multiverse

3. Composite Higgs/Little Higgs

“It is better to uncover a little, than to cover a lot.”
V. Weisskopf



Motivation



Effective Field Theory
An old idea: approximate theory using only degrees of 

freedom that can be excited at low energy

E.g. QED             valid for E ! mµ

Standard model breaks down at high energies
⇒ must be effective theory
• Gravity: MPlanck ∼ 1019 GeV

• Higgs self-interactions

Also lots of concrete motivation for 
physics beyond standard model

(Hambye, Riesselmann 1997)Neutrinos, dark matter, baryogenesis, strong CP 
problem, gauge coupling unification, origin of 
flavor,...

Figure 2: Summary of the uncertainties connected to the bounds on MH . The upper

solid area indicates the sum of theoretical uncertainties in the MH upper bound for

mt = 175 GeV [12]. The upper edge corresponds to Higgs masses for which the

SM Higgs sector ceases to be meaningful at scale Λ (see text), and the lower edge

indicates a value of MH for which perturbation theory is certainly expected to be

reliable at scale Λ. The lower solid area represents the theoretical uncertaintites in

the MH lower bounds derived from stability requirements [9, 10, 11] using mt = 175

GeV and αs = 0.118.

Looking at Fig. 2 we conclude that a SM Higgs mass in the range of 160 to

170 GeV results in a SM renormalisation-group behavior which is perturbative and

well-behaved up to the Planck scale ΛP l ! 1019 GeV.

The remaining experimental uncertainty due to the top quark mass is not rep-

resented here and can be found in [9, 10, 11] and [12] for lower and upper bound,

respectively. In particular, the result mt = 175 ± 6 GeV leads to an upper bound

MH < 180 ± 4 ± 5 GeV if Λ = 1019 GeV, (4)

the first error indicating the theoretical uncertainty, the second error reflecting the

residual mt dependence [12].
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Effective Standard Model
What effective theory describes our present

understanding of strong/electroweak physics?
Not the standard model! We haven’t found the Higgs...

Leff = LSM(h0, Aµ, W
±
µ , Zµ, Gµ, q, !) (unitary gauge)

Expansion in powers of E

4πv
∼ E

TeV

Example: WW scattering

︸ ︷︷ ︸ ︸ ︷︷ ︸

+

∼ E4 + E2 + · · · ∼ E4 + E2 + · · ·
︸ ︷︷ ︸

+

∼ E2 + · · ·

∼ E0

∼ E4 + E2 + · · · ∼ E4 + E2 + · · ·

∼ E2

Equivalent to nonlinearly realized SU(2)W × U(1)Y → U(1)EM



Higgs Sector
Effective standard model breaks down at TeV scale

⇒ new physics below TeV!

Higgs boson is only one possibility...

Maybe the only appearance of Higgs at LHC 



Naturalness
Not a question of “canceling UV divergences...”

Dependence of effective parameters on
(more) fundamental ones

LSM = −m2
HH†H + · · ·

invariant under all symmetries*H†H

*Except supersymmetry

⇒             scale of new physicsmH ∼

E.g. grand unification:

H

X

H
⇒ ∆m2

H ∼
g2
GUT

16π2
M2

X ∼ (1015 GeV)2



Is SUSY Natural?
Higgs quartic coupling: λ ∼ g2 +

3y4
t

16π2
ln

mt̃

mt︸ ︷︷ ︸

t̃t

+

t̃
⇒ ∆m2

H ∼
3y2

t

16π2
m2

t̃ ∼ (1 TeV)2

m2
h0 > 114 GeV requires mt̃

>∼ 1 TeV

⇒ 1% tuning in MSSM

Exactly the problem SUSY was meant to solve...

⇒ m2
h0 ∼ λv2 ∼ m2

Z +
3y4

t v
2

16π2
ln

mt̃

mt



Naturalness Sector
Naturalness breaks down at TeV scale 

⇒ new physics at TeV scale?

• SUSY?

• Strong electroweak symmetry breaking?

• Composite Higgs?

All have problems...

• Just the standard model?



Dark Matter
Another hint for new physics at the TeV scale

Ω ∼ 0.1

(
σannv

pb

)−1

Thermal weak-scale relic ⇒

Standard collider signature: missing energy

Many models, wide range of predictions
(including no collider signatures)



Summary
Expect new physics at TeV colliders

Anything else is a welcome surprise...

• Higgs sector

• Naturalness sector

• Dark matter

Required

Highly recommended

Suggested



Strong Higgs Sector



Classic Technicolor

ΨL =
(

UL

DL

)

︸ ︷︷ ︸
ΨR =

(
UR

DR

)

︸ ︷︷ ︸

doublet
SU(2)W

singlet
SU(2)W

New             gauge force strong at TeV scaleSU(N)

Copy QCD...

Y (UR) = Y (ΨL) + 1
2

Y (DR) = Y (ΨL)− 1
2

〈Ψ̄LaΨb
R〉 = Λ3

TCδa
b ΛTC ∼ TeV

Ψ̄LUR ∼ H

Ψ̄LDR ∼ H∗ ⇒ same symmetry breaking pattern as SM

Weinberg 1976; Susskind 1976



Is Technicolor Natural?

LTC = −1
4H

µνAHµνA

+Ψ̄i /DΨ

No singlet operator with dimension < 4
(c.f.                                     )LSM = −m2

HH†H + · · ·

Technifermion mass       forbidden by gauge invarianceΨ̄Ψ



Technicolor Signatures
Higgs sector = strong TeV resonances

E.g. WW scattering

+ + · · ·+

m ∼ TeV

QCD suggests vector resonances most prominent
Spin 0 “composite Higgs” may be absent or obscure
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WW Scattering @ LHC

Cut Value for keeping events

Leptonic W PT PT > 320 GeV
Hadronic W PT PT > 320 GeV

Hadronic W mass 66.09 < M < 101.89 GeV
Y-scale 1.55 < Y − scale < 2.0

Top veto 130 < MW+jet < 240 GeV
Tag Jets PT > 20 GeV, E > 300 GeV, 2.0 < |η| < 4.5

Hard Scatter PT PT < 50 GeV
Number of mini-jets (PT > 15 GeV with |η| < 2.0) 0

Table 4.3: Summary of the cuts applied for selecting the signal events.
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Enhanced forward emission of W, Z

A model-independent signal for strong Higgs sector
(Chanowitz, Gaillard 1984)

E. Stefanidis ATLAS Thesis (2007)

5σ discovery with 30 fb-1 for
models with resonances



Problems with Technicolor
• Top quark

• Flavor mixing

• Precision electroweak



Flavor in Technicolor
Standard model → technicolor

(                      solves naturalness problem)H → Ψ̄Ψ dim(Ψ̄Ψ) = 3

LSM = ytQ̄LHtR + · · · → 1

Λ2
t

(Q̄LtR)(Ψ̄Ψ)
︸ ︷︷ ︸

+ · · ·
dim = 6

Effective 4-fermion interaction can arise from heavy
particle exchange (c.f. Fermi theory)

scale where effective flavor theory breaks downΛt =

∼ few TeV

⇒ must address flavor near TeV scale



Top in Technicolor

Topcolor Walking/conformal technicolor
Hill 1991



Conformal Technicolor
H = operator in Higgs sector
Consider general values of 

(unitarity)•

•

• Want dim(H†H) ≥ 4 (naturalness)

⇒ want     as small as possible

︸ ︷︷ ︸
Not necessarily...

Possible in conformal (scale invariant) theories

d = dim(H)

d ≥ 1

dim(Q̄LHtR) = 3 + d

d

⇒ d ≤ 2 ?



Conformal Fixed Point
β function in QCD with      colors and      flavors:Nc Nf

Nf ∼ 1

Nf ! 11
2 Nc

⇒ confining

⇒ conformal

g

µ

µ

g

g∗

Under active study by lattice community



Conformal Window
perturbative expansion parametera =

Ncg2

16π2
=

x =
Nf

Nc
=

11

2
− ε continuous for large Nc, Nf

β(a) ! −3εa2 +
3

4
(75− 26ε)a3 + · · ·

Expect “conformal window” for xc ≤ x <
11

2

⇒ perturbative fixed point at               fora∗ =
4ε

75
ε! 1

Lattice studies suggest xc ! 4

a

β(a)

a∗



Conformal Breaking

Plausible at x = xc

• Walking technicolor

g

µ

• Conformal technicolor: “forced out”
∆L = −mχ̄χ χ = sterile technifermion
Soft breaking of spacetime symmetry triggers
electroweak symmetry breaking (c.f. SUSY)

(Holdom 1985; Appelquist, Karabali, 
Wijewardhana 1986; Yamawaki, 
Bando, Matumoto 1986)It “just does it”

(ML, Okui 2004)



Status of Flavor?

Λt ∼ TeV
(

TeV

mt

)1/(d−1)

∼






3 TeV dim(H) = 3
10 TeV dim(H) = 2
50 TeV dim(H) = 1.5

Still wanted: a complete theory of flavor without
large flavor-changing neutral currents

Complete theory still lacking
(Something I’m working on...)



More Signals
Leff =

1

Λd−1
t

Q̄LHtR + · · ·

⇒ production of strong resonances: J = 0, CP = ±, I = 0, 1

Resonance Mass (GeV)
1000 1500 2000 2500 3000

L
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ro
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o
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 (
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)

1
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3
10 Pseudoscalar

Scalar
Charged

g

g

t
ϕ0

g

b

t
t

ϕ±

ϕ→ WW suppressed for          ⇒ can be narrowI = 1

ϕ+ → b̄t, W+W+W−, W+ZZ, . . .ϕ0 → t̄t, W+W−Z, ZZZ, . . .

(Evans, ML 2009)

Many interesting signals:



Precision Electroweak
Effective theory below TeV contains gauge-violating terms

∆Leff = 1
2∆M2W µ

3 W3µ − 1
2εW

µν
3 Bµν + · · ·

⇒ leading corrections to
γ, W, Z

ρ, T ∝ ∆M2

S ∝ ε

2

SM, albeit only at the 2.4 σ level when the results are
combined [25]. Measurements of other time-dependent
CP asymmetries give qualitatively similar results.

Overall the experimental situation is not conclusive
and in flux, and so is the optimal parameter choice. For
recent accounts of flavor physics in view of a fourth fam-
ily, see Refs. [26, 27]. For more details on both the the-
oretical and experimental situation and for statements
about physics beyond the SM with four families, see
Ref. [28].

The main purpose of this letter is to address the ques-
tion whether the EW data add to the hints that are per-
haps implied by the flavor sector. We employ the oblique
parameters, S, T , and U [29], which parametrize effects
of heavy new physics, i.e., Mnew ! MZ , contributing to
the W and Z self-energies without coupling directly to
the ordinary fermions. For what follows, it is important
to recall that new physics models usually come with ad-
ditional free parameters, Nnew

par , relative to those in the
SM, NSM

par , and this decreases the number of effective de-
grees of freedom used in a fit, Neff = Nobs−NSM

par −Nnew
par ,

where Nobs is the number of observables.

We start our discussion with a case for which Nnew
par =

0, so the χ2 minimum, χ2
min, for three and four fami-

lies can be compared directly. This occurs when the new
quarks and leptons form degenerate doublets and corre-
sponds to S = 2/3π = 0.2122, T = U = 0. For the Higgs
boson mass, MH = 112 GeV (we fix MH at its 95% CL
lower limit [30] from LEP 2 whenever otherwise it would
be driven below it), we obtain χ2

min = 75.54 compared to
χ2
min(SM) = 43.84 in the SM (S = T = U = 0 by our

definition), so this case is excluded at the 5.6 σ level (we
have Neff = 44). Equivalently, one can interpret a fit to
S as a fit to the number of degenerate generations and
one obtains NF = 2.86± 0.20. This agrees with a fit to
the number of active neutrinos, Nν = 2.995± 0.007 (for
the same MH) when interpreted as the generation num-
ber. One concludes from Nν that mν′ >∼ MZ/2, and from
the S parameter fit (which is applicable to the heavy ν′

case) that the good agreement of NF with the SM value
NF = 3 would be coincidental if a fourth family existed.

This restriction can be relaxed drastically by allowing
T to vary, since T > 0 is predicted by nondegenerate
extra doublets. Fixing S = 2/3π, the global fit favors a
contribution to T of 0.21±0.04 (forMH = 112 GeV) with
χ2
min/Neff = 46.90/43. This is due to the strong corre-

lation (87%) of S = 0.03 ± 0.09 and T = 0.07 ± 0.08.
The central values move to S = −0.03 (−0.10) and
T = 0.14 (0.29) when MH is increased to 246 (800) GeV.
Thus generically, the data favor small or negative val-
ues of S and T > 0. For example, this is the case for
nonchiral (vector-like) extra doublets (S = 0) which are
most consistent with a moderate T = O(0.1). The good-
ness of the fit, χ2

min/Neff = 42.66/43, is very similar to
that of the SM. If, moreover, the nonchiral matter is also

degenerate as predicted in many grand unified theories
and other extensions of the SM, it does not contribute to
any of the oblique parameters and does not require large
coupling constants. Such multiplets may occur in par-
tial families, as in E6 models, or as complete vector-like
families [31].
But for chiral fermions, S cannot be made that small.

To elucidate the parameter space we define the 90% C.L.
by the 90% C.L. allowed region in (S, T ) [cf. Fig. 1], and
assume in what follows that mν′ = 101 GeV [32] and
mb′ = 338 GeV are fixed at their lower limits. Then we
find S > 0.107, where the smallest S occurs in a corner
of parameter space simultaneously saturating the limits,
MH < 475 GeV and T < 0.38. In addition, this case
has the new charged lepton, l′, strongly split from the
ν′, ml′ − mν′ = 140 GeV, while we find for the quarks,
mt′ − mb′ = 28 GeV. Our MH bound is at best only
marginally consistent with extra family models which
have a strongly interacting Higgs boson (assuming the
absence of other contributions to S, T , and U). There is
a larger allowed parameter space for a light Higgs boson
mass, MH = 112 GeV. It is bounded by T < 0.24 (satu-
rated for S = 0.19) and S < 0.216 (for T = 0.218), and
contains the smallest possible T = 0.099 which is reached
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FIG. 1. Individual 1 σ constraints (39.35%) on S and T . The
contours assume U = 0 and MH = 117 GeV except for the
central and upper 90% C.L. filled contours (∆χ2 = 4.605) al-
lowed by all data, which are for the indicated values. αs is ad-
ditionally constrained by the τ lifetime. Since the theory has
changed, the strongly αs-dependent solid (dark green) con-
tour from Z line shape and cross section measurements [45]
has moved significantly towards negative S and T compared
to our previous analysis [22]. The long-dashed (magenta) con-
tour from ν scattering has moved closer towards the global av-
erages. The long-dash-dotted (indigo) contour from polarized
e scattering [46, 47] is near the upper tip of an elongated
ellipse centered at (S, T ) = (−15,−21). The dash-dotted
(black) contour from APV now agrees perfectly with the SM
after the completion of a state-of-the-art atomic theory cal-
culation [37]. The shaded (light green) 1 σ ellipse shows the
combined low energy data (APV and lepton scattering).
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Strong Higgs Sector

NDA QCD

!0.6 !0.4 !0.2 0 0.2 0.4 0.6
!0.3

!0.2

!0.1

0

0.1

0.2

0.3

0.4

0.5

S

T
mh,ref = 1 TeV
90% CL

NDA: all interactions → strong at TeV
QCD: assume scaled-up QCD dynamics, use QCD data

No reliable prediction for walking/conformal theories
Not ruled out!



Summary

• A compelling solution to the naturalness problem

• Top quark

dim(H†H) ≥ 4

Topcolor?

• Distinctive signals at LHC

Mandarin: crisis = danger + opportunity

• Flavor and precision electroweak do not rule it out

dim(H) < 3 ?



Experiment will Decide...


